Introduction
It has been known for more than 100 years that the soil can supply some nitrogen (N) for crop production, but that additional N is needed to maximize corn yield. If one were to know precisely how much N the crop needs to take up for maximal growth along with the amount of N that the soil could supply, then the difference between these two amounts would constitute the N fertilizer need. Determining the amount of N needed to produce a corn crop can be estimated by determining the amount of N in the above ground biomass (total N uptake). Measurements of total N uptake are relatively easy to obtain, though one would need to use data from previous years as an estimate for the present year. Based on data collected from the North Central Region total N uptake for corn is estimated at 1.35 lb Nlbu (Murrell 2005) . It should be noted that this is only an estimate and that total N uptake may vary by field, year, and perhaps hybrid. The trickier part of this mass balance approach is estimating soil N supply. Estimation of soil N mineralization has challenged several generations of soil scientists. Thus knowledge of soil N mineralization remains the key to fine tuning N recommendations for corn.
The objectives of this paper are to explore factors affecting soil N mineralization and the potential of soil tests as a means to adjust N recommendations to improve profitability and minimize the potential for water quality degradation.
Factors affecting soil N mineralization
Soil N mineralization is the microbially mediated process by which organic N is converted to ammonium. The microorganisms involved in this process are actually using the organic carbon contained in soil organic matter (SOM) as their energy source. Both soil moisture and temperature influence microbial respiration and N mineralization. Maximum microbial activity occurs when the soil pores are 50 to 70% filled with water and soil temperature is between 77 and 95°F (Havlin et al. 1999) . Early in the growing season when soil temperatures are low, only small amounts of N will mineralize. As the soil warms, N mineralization will increase with maximal mineralization typically occurring between mid-june and late-july. Though soil temperatures may be high in August, soil moisture is often limiting N mineralization. Thus, there is a seasonal pattern of N mineralization which may vary in timing and magnitude depending upon weather conditions in any given year. Though soil temperature and moisture are the main drivers of mineralization, the amount of N mineralized is also influenced by the organic N concentration of the soil. Soils with greater SOM tend to have greater organic N concentrations and will mineralize more N than soils with lower SOM.
Soil tests and methods of estimating soil N mineralization
Estimating N mineralization from soil organic matter The idea of estimating N mineralization from SOM has some appeal for precision N management. As currently practiced, soil samples are collected from a grid pattern and a map of SOM can be made. These maps may show that SOM varies across a field with topography and/or soil series. The amount of N mineralized is estimated from SOM and subtracted from predetermined amount of N needed for the crop to calculate the amount of fertilizer N needed. An estimate of N mineralized in a growing season can be calculated as follows :
If one assumes that 5% of SOMis organic Nand 2.5 % of organic N is mineralized in a year, then N mineralized from a soil containing 4% SOM can be estimated as: The problem with this type of estimate is that while organic N is strongly correlated with SOM, it is not necessary a constant percentage of SOM and the percentage of organic N mineralized in a given year is weather dependent. Using data from 4 3 locations in Iowa 0 .E. Sawyer, personal communication), potential amounts of N mineralized was calculated from the Equation l and is provided in Table l . The range in SOM for these sites was 2.5 to 9.2% and the range in organic N in SOM was 2.9 to 6.1 %. Thus, the site with the maximum estimate of N mineralized has the highest SOM, but does not have the highest percent of organic N in SOM; the site with the minimum estimate of N mineralized has the lowest percent of organic N in SOM, but does not have the lowest SOM. If the average SOM from the 43 sites (4.6 %) is used in Equation 1 and it is assumed that 2% of organic N is mineralized , then the influence of the percent of organic N in SOM can be determined. For this example , if the percent of organic N in SOM varies from 2.9 to 6.1% (the variability found in the dataset) , then the estimate of N mineralized will vary from 53 to 112 lb N/a annually The percentage of organic N mineralized influences estimates of the amount of N mineralized. If the percentage of organic N mineralized ranges from 1 to 4%, then estimates of N mineralized range from 44 to 175 lb N/a (Table 1) .
Equation 1 is a good theoretical concept that is useful for teaching purposes and developing "ballpark" estimates. However, Equation 1 relies on several assumptions and clearly has more error than would be considered acceptable when making N fertilizer recommendations, particularly recommendations that would be considered precision management.
Estimating N mineralization with laboratory methods
Biological N availability indicies are determined in the lab by incubating soil at specific temperatures and moisture contents. These methods rely on microorganisms to naturally degrade SOM and produce ammonium which may be converted to nitrate. After specified periods of incubation time , which range from 7 days to 30 weeks , soils are extracted and ammonium and nitrate production measured. The amount of mineralized N can be correlated to the amount of N needed to maximize yield in a field setting using N fertilizer rate trials. The amount of N mineralized when field moist soil was mixed with sand and incubated at 86°F and 40% water filled pore space for 14 days was significantly correlated (r = -0.41, p < 0 .01) to the economic optimum N rate measured in a field experiments at 70 sites in the North Central Region where the incubation soil was collected (L.G. Bundy, personal communication) . In this same study 14 day anaerobic and 300 day aerobic incubations were not correlated to the economic optimum N rate. Other studies have also had mixed results with incubations. While incubation tests show promise for making soil specific N fertilizer recommendations, incubation studies are expensive compared to chemical extractions of soil, require field calibration to be useful , and the results are dependent upon the incubation conditions (moisture, temperature). For a more detailed review of the status of laboratory biological N availability indicies see Bundy and Meisinger (1994) .
Chemical extractions are appealing methods of N availability in that they are much faster than biological methods. Bundy and Meisinger (1994) reviewed research on several chemical extraction methods and found a low correlation of many of the methods with field-measured N availability They did not recommend the use of any single chemical method. The North Central Region study previously mentioned also evaluated several chemical methods (phosphate borate, potassium chloride+ magnesium oxide, sodium borate, and sodium tetraphenylborm) , none of which were significantly correlated to the economic optimum N rate for corn (L.G. Bundy, personal communication) . Since the Bundy and Meisinger (1994) review, the Illinois soil N test (ISNT) has been released. Initial work with the ISNT showed that it was a promising chemical index ofN availability Mulvaney and Khan 2001) . However, further research in the North Central Region has shown that the ISNT is not correlated with N uptake in zero N check plots indicating that the ISNT is not assessing mineralized N. Additionally the ISNT was significantly correlated (r = 0 .95 , p < 0.001) to SOM and total soil N (r = 0.93, p < 0.001) (Laboski et al. 2006b ). The relationship of ISNT with total soil N indicates that the ISNT is measuring a constant fraction of soil N and is further evidence that it is not sensitive to the mineralizable fraction of soil N (Laboski et al. 2006b) .
Estimating N mineralization with field methods
In-season soil nitrate tests such as the presidedress nitrate test (PSNT) can be used to estimate the relative amount of N mineralized in a given year. One foot soil samples are typically taken when the crop is about 12 inches tall and soil nitrate is measured. The advantage of sampling at this time is that the PSNT measures net N mineralization that has taken place in spring. PSNT values greater than 20 to 25 ppm (the critical level) indicate that no additional fertilizer N is needed. Results of a North Central Region study showed that the PSNT accurately predicted whether or not sites needed additional N fertilizer 70.5% of the time. Only 2.3 % of the time did the PSNT predict a site as being non-responsive to additional N fertilizer, when it indeed needed fertilizer (Bundy et al. 1999 ). This study found that the PSNT worked well in confirming N credits from alfalfa and manure, but was not successful when soybean preceded corn in the rotation. The PSNT has been roughly calibrated to predict N credits when the PSNT value is below the critical level (Laboski, et al. 2006a; Blackmer et al. 1997 ). Additional research found that when average May-june weather conditions are more than 1 °F below normal, N mineralization may be underestimated by the PSNT (Andraski and Bundy 2002) .
Another in-field method of assessing soil N mineralization is conducted by assessing a crop' s N status. This can be accomplished by sensing the greenness of the crop relative to a reference strip that has been adequately fertilized with N. The greener the crop is, the greater the amount of N mineralized to that point in the growing season. A chlorophyll meter can be used to measure leaf greenness. Relative chlorophyll meter readings taken when the corn is at the V10 to VT growth stage, with preference for the earlier stage, have been calibrated toN fertilizer need in Iowa (Sawyer et al. 2006a) while measurements made at V6 to VB are recommended in Pennsylvania (Piekielek 1997) . Intuitively sensing the crop' s N status should provide the most reliable estimate of N mineralization. This is because environmental conditions, which may vary from year to year and field to field and which directly affect N mineralization, are reflected in crop growth. Other crop sensing technologies such as Greenseeker® and Crop Circle® are based on similar principles.
Having equipment to sidedress N at advanced growth stages and having weather conditions favorable for making N applications are pre-requisites for successfully using either the PSNT or chlorophyll meter to assess N mineralization and subsequent N fertilizer needs. In addition, having the time/labor to take soil samples or measure leaf greenness during the appropriate time frame is also required for successful execution of these tests.
Conclusions
Currently there is no one single best method of estimating N mineralization as a means to fine tune N fertilizer recommendations for corn. Field methods such as the PSNT and relative chlorophyll meter readings are likely the most precise tools we have at this time. More research may be needed for further development and successful implementation of crop sensing techniques. Chemical and biological laboratory tests do not correlate to measured corn N need and!or are too expensive/time consuming to be practical. Until such time as there is a reliable method of assessing N mineralization that is practical for all farms, our best estimate of economically optimum N fertilizer rates can be obtained by using maximum return of N (MRTN) tool ).
